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Anural ascidians show embryogenesis during which tail formation does not take place. This mode of development is a derived character
acquired several times independently in ascidian evolution. We identified approximately 20,000 each ESTs (i. e. 10,000 clones each were
sequenced from both 5′ and 3′ ends) of adult gonads, cleaving-embryos, gastrulae/neurulae, embryos before hatching, and hatched larvae of the
anural ascidian Molgula tectiformis, in order to comprehensively investigate the molecular mechanism of tailless evolution. Analyses of these
ESTs showed that in this species, (1) the expression of embryonic/larval muscle structural genes which are expressed abundantly during
embryogenesis of the urodele ascidian Ciona intestinalis, is suppressed; (2) genes that encode proteins with no similarity to known proteins of
other organisms are abundantly expressed; (3) genes that show similarity with those up-regulated at metamorphosis in urodele ascidians are up-
regulated within several hours after hatching; and (4) 15 of 35 putative orthologues of the downstream components of Brachyury, a key
transcription factor for ascidian notochord formation, were found in the ESTs, even though differentiation of notochord is suppressed in this
species. We discuss these remarkable results that allow insight into the molecular mechanism(s) responsible for the anural mode of ascidian
development.
© 2007 Elsevier Inc. All rights reserved.Keywords: Anural ascidian; EST analysis; Evolution of ascidians; Genes that show no similarity with known proteins of other organisms; Putative metamorphosis-
related genes; Embryonic/larval muscle development; Notochord developmentIntroduction
Ascidians are sessile marine invertebrates belonging to
phylum Chordata, subphylum Urochordata (Tunicata). Most
ascidian species develop into a conventional tadpole larva, and
then the larva metamorphoses to form a sessile adult body
(Satoh, 1994, 2003; Swalla, 2006). The tadpole larva has a trunk
that contains a brain vesicle, sensory organs, endoderm, and
mesenchyme, and a tail that contains notochord, muscle, dorsal
nerve cord, and endodermal strand. This form is a very
simplified chordate body plan (Satoh, 1994, 2003; Satoh and
Jeffery, 1995; Corbo et al., 2001). In contrast, some ascidian⁎ Corresponding author. Fax: +81 75 7051113.
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doi:10.1016/j.ydbio.2007.03.035species in the families Molgulidae and Styelidae do not form a
tail or sensory organs in the tadpole larva, instead they form an
adult body shortly after hatching (Berrill, 1931; Jeffery and
Swalla, 1990). Such ascidian species are called anural ascidians.
Neither functional notochord nor embryonic/larval muscle,
tissues characterizing the chordate body plan, is found during
embryogenesis of tailless species. Molecular phylogenetic stu-
dies have shown that anural ascidians evolved from urodele
ancestors several times independently in the family Molgulidae
(Hadfield et al., 1995; Huber et al., 2000). It has also been
shown that a hybrid larva obtained by fertilizing eggs of an
anural ascidian,Molgula occulta with sperm of its sister urodele
species, M. oculata, often restores a short tail (Swalla and
Jeffery, 1990). These studies suggest that the anural mode of
development evolved with relatively simple genetic changes.
Namely, anural development in ascidian provides an attractive
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morphological change in animal evolution.
Several molecular studies have been performed on anural
development to examine expression of genes that are involved
in the formation of tissues that exist in the tail region of urodele
species. These studies demonstrated several genetic differences
between urodele and anural ascidians, which likely account for
alteration of the developmental mode between them. For
example, Manx is a novel transcription factor gene isolated by
subtraction screening between gonads of M. oculata (urodele)
andM. occulta (anural) (Swalla et al., 1993; Swalla and Jeffery,
1996). This gene is expressed in M. oculata gonads but there is
very little, if any expression, in that ofM. occulta (Swalla et al.,
1993). Suppression of Manx gene function by antisense
oligonucleotide in the hybrid larva from the egg of M. occulta
and the sperm of M. oculata resulted in the failure of formation
of the tail and the sensory organ (Swalla and Jeffery, 1996).
Swalla et al. (1999) also isolated bobcat, which encodes a
DEAD-box RNA helicase, and they showed that the gene has an
important function in the tail development of a hybrid larva, as
Manx. Kusakabe et al. (1996) and Jeffery et al. (1999) showed
in the anural species, M. occulta and M. bleizi, that embryonic/
larval muscle actin genes have become pseudo-genes and their
expression is suppressed, though the promoter sequence of the
muscle actin gene of M. occulta retained its activity.
Previous studies also demonstrated some conserved aspects
between urodele and anural ascidians. More concisely, expres-
sion of some pivotal transcription factor genes responsible for
differentiation of embryonic/larval muscle and notochord is
retained in anural ascidians. macho-1 is a gene that encodes a
maternally supplied factor that functions as a classical muscle
determinant in urodele ascidians (Nishida and Sawada, 2001;
Satou et al., 2002a). Recently, we showed that macho-1 mRNA
is localized in an egg of an anural ascidian, M. tectiformis, in
very similar pattern as in urodele ascidians (Gyoja, 2006). Tbx6
is expressed zygotically at very early developmental stages of
urodele ascidians, and functions as a mediator betweenmacho-1
and more downstream components of muscle formation (Mitani
et al., 2001; Yagi et al., 2005). This gene is also shown to be
expressed in embryonic/larval muscle lineage blastomeres in the
anural species M. tectiformis (Takada et al., 2002b). Brachyury
is a transcription factor gene responsible for notochord
formation in ascidian embryos (Yasuo and Satoh, 1993, 1998;
Corbo et al., 1997; Takahashi et al., 1999; Imai et al., 2006).
Takada et al. (2002a) showed that this gene is expressed early in
embryos ofM. tectiformis andM. occulta in a similar manner as
in urodele ascidians.
Despite these studies, genes that have been analyzed to date
occupy only small part of the anural ascidian genome, because
the decoding of the urodele ascidian Ciona intestinalis genome
suggests that there are approximately 16,000 genes (Dehal et al.,
2002). Therefore, a larger and more comprehensive analysis is
needed to gain further understanding into the molecular
mechanisms underlying the anural mode of development.
Now that large scale EST data of several developmental stages
are available in C. intestinalis (Satou et al., 2001, 2002b;
Nishikata et al., 2001; Fujiwara et al., 2002; Kusakabe et al.,2002; Ogasawara et al., 2002), it is possible and important to
compare those data with the EST data from anural ascidians.
We constructed approximately 20,000 each ESTs (i. e. 10,000
clones each were sequenced from both 5′ and 3′ ends) of adult
gonads, cleaving-embryos, gastrulae/neurulae, embryos before
hatching, and hatched larvae of the anural ascidian Molgula
tectiformis. Clustering, which was performed based on the 3′-
most end sequences of all these clones, resulted in more than
10,000 independent clusters or genes. We now report the results
of the EST analyses which allow insight into the molecular
mechanisms of the loss of the tail, an evolutionary change in
morphology.Material and methods
Biological materials
Large populations of M. tectiformis are found in Otsuchi Bay, Iwate, Japan,
attached on substrates such as the cages for culturing scallops. Adult ascidians
were collected from such cages. Hermaphroditic gonads were dissected from
mature adults and placed in fresh seawater at 4 °C for 1 h for promotion of oocyte
maturation. Both mature and premature oocytes exist inM. tectiformis gonads, but
only mature oocytes are released into the seawater by this procedure. Eggs were
then collected and artificially fertilized (Tagawa et al., 1997). Embryos were raised
in filtered seawater at about 19 °C until the required stages without dechorionation.
At this temperature, first cleavage occurs at about 1 h after fertilization, and
subsequent cleavage occurs at about 20 to 30 min intervals. Gastrulation begins at
about 5 h after fertilization, and continues for about 2 h. Immediately after
completion of gastrulation, neurulation occurs, which ismorphologically similar to
that seen in urodele ascidian embryos (Swalla and Jeffery, 1990; Swalla, 2004;
Gyoja, unpublished). As neurulation proceeds, the neural fold appears as a white
line at the vegetal side of the embryo. Although completion of neurulation is not
clearly observed through the chorion, the neural fold seems to cease to change its
shape within one and a half hours after the beginning of neurulation. Embryos
show few morphological changes after completion of neurulation until hatching,
although they begin to extend three ampullae just before hatching. Hatching occurs
about 13 h after fertilization. After hatching, the three ampullae continue to extend.
About a half day after hatching, additional ampullae begin to extend.
Developmental stages used in this study are defined as the following.
Cleavage stage→ from the 16-cell stage to just before gastrulation;
Gastrula/Neurula stage→ from the beginning of gastrulation to the stage in
which the neural folds can be seen clearly;
Before hatching stage→ from the stage in which the neural folds cease to
change shape to just before hatching;
Larva stage→ from just after hatching to about 12 h after hatching.
Normally developing embryos or larvae were selected manually by a small
glass pipette from large cultures. Hermaphroditic gonad samples were dissected
from mature adults.
RNA extraction, cDNA library construction, and sequencing
Total RNA was extracted by the acid guanidinium thiocyanate–phenol–
chloroform method (Chomczynski and Sacchi, 1987). Poly (A)+ RNA was
purified with an oligo-dT cellulose spun column (Amersham Biosciences) or
MagneSphere(R) Streptavidin Paramagnetic Particles (Promega). cDNA was
synthesized using cDNA synthesizing kit (Invitrogen) and inserted into
pDONR™222 vector (gonads, before-hatching-embryos, and larvae) or
pSPORT1 vector (cleaving-embryos and gastrulae/neurulae). Those libraries
were electroporated into DH10B E. coli (Invitrogen). Arraying of the libraries
was performed as described previously (Satou et al., 2001). Clones were picked
from the 384-well plates (Genetix) and cDNA inserts were amplified using PCR.
After the PCR products were purified, their sequences were determined by
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Sequencing Center, National Institute of Genetics at Mishima, Japan.
Approximately 10,000 clones from libraries of the gonads, cleaving-embryos,
gastrulae/neurulae, embryos before hatching, and larvae each were read for both
5′- and 3′-ends.
Clustering of ESTs and similarity search
Vector and linker sequences were removed from cDNA sequences. Then, the
3′-most sequence tags were used to examine clones that overlapped; namely,
sequences of the 3′-ends were compared with one another using the BLASTN
program. The threshold values for clustering were 150 for similarity scores.
Clones with values above the threshold values were grouped into clusters, each
of which contained cDNA clones expected to encode the same gene. The
catalogue of EST cluster IDs and clone IDs is shown in Supplemental Table 1.
Search and assembly of abundantly expressed clusters
All clusters in which the clone number occupied more than 0.2% of the total
EST clones (0.2% cluster hereafter) of cleaving-embryos, gastrulae/neurulae,
before-hatching-embryos, and larvae were selected and assembled using
GENETYX software (Version 6.1; Genetyx, Japan). If there were too many
clones belonging to a given cluster, approximately 100 or more clones were
randomly selected for assembly to facilitate the calculation. Only clusters that
showed a clear open reading frame (ORF) and more than 90% of the total clone
sequences were assembled into a single or several highly similar contigs were
selected for further analyses. Clusters that satisfy the following two criteria are
regarded as having a clear ORF, namely (1) the longest predicted ORF of the
cDNA is longer than 100 amino acids length and (2) the longest predicted ORF
of the cDNA occupies more than half of the length of the full assembled length
of the cDNA. Nevertheless, if the predicted ORF showed similarity with any of
the known protein above a threshold of 1e-15 by BLASTP searches against the
nr database of NCBI, the cluster was regarded as having a clear ORF even if it
did not satisfy the above-mentioned criteria. Clusters that satisfied the following
criteria were regarded as covering the entire ORF of the gene, namely (1) 5′-
sequences and 3′-sequences were assembled into one cluster, (2) the longest 5′-
sequences share their 5′-most ends, and (3) the putative first methionine is found
some bases downstream of the 5′-most ends. In many cases, there existed in-
frame stop codon(s) upstream of the putative first methionine, supporting this
expectation (Supplemental Tables 2 and 3).
We also selected all 0.2% clusters of cleaving-embryos, gastrulae/neurulae,
tailbud-embryos, and larvae in C. intestinalis. A large scale cDNA project in C.
intestinalis has been completed for many full-length insert sequences (Satou et
al., 2002b). Those sequences were used for the analyses if obtained. If several
clones belonged to the same cluster were read, the clone with the longest insert
was chosen. If the ORF predicted from the full-length insert sequence did not
show similarity to any of the known proteins above the threshold of 1e-15 by
BLASTP searches, the number of in-frame stop codon upstream the first
methionine was surveyed. If there were two or more in-frame stop codons, the
sequence was regarded to cover the entire ORF of the gene. Otherwise, EST
sequences were assembled and the ORFs were predicted using the same criteria
as the M. tectiformis ESTs. If no full insert sequence of the cluster was
determined, the EST sequences were assembled and ORFs were predicted. For
all M. tectiformis and C. intestinalis clusters, we performed BLASTP searches
against the nr database of NCBI updated on August 7th, 2006.
Searching for candidates of muscle structural genes and
Brachyury-downstream genes
Muscle structural genes and Brachyury-downstream target genes were
searched for in the M. tectiformis EST database using a TBLASTN algorithm
with chordate muscle structural proteins or Brachyury-downstream proteins of
C. intestinalis as the query. Accession no. of query sequences for muscle actin
was AK113179. For other muscle structural proteins, Accession nos. of the query
sequences are given in Table 3. Accession nos. or Gene model ID of Brachyury-
downstream genes used as queries for searches are given in Supplemental Table
8. The threshold value for the TBLASTN search was 1e-15. BLASTP searcheswere then performed, using the deduced amino acid sequences of ESTsequences
that showed similarity with queries, against the nr database of NCBI database.
BLASTP searches by candidates of muscle structural genes were performed in
spring, 2005. BLASTP searches for Brachyury target genes were performed
against database updated on August 7th, 2006. If the cluster obtained by the first
TBLASTN search showed the best-hit relationship with the same kinds of genes
in the following BLASTP search, the clusters were selected as candidates for
further studies. Such clusters are designated as “bi-directional best hit
relationships” with previously known genes hereafter.
With the exception of actin and Noto2 candidate genes, the full insert
sequences of the clones with the longest insert belonging to the cluster were
determined in both strands by standard procedures. Because the longest Mt-
MHC1 cDNA clone obtained had an unnatural stop codon in its ORF, cDNAwas
amplified by PCR using BIOTAQ™ DNA polymerase (BIOLINE) from a
cleaving-embryo cDNA pool that was generated during the cDNA library
construction process. The PCR product was subcloned into pGEMR-T vector
(Promega) and was also read in both strands. For actin genes and the Noto2
candidate gene, EST clones were assembled manually as 0.2% clusters
mentioned above.
Molecular phylogenetic analysis
Protein sequences were aligned using CLUSTAL (Higgins and Sharp, 1988;
ClustalX Ver. 1.81) and the alignment was checked by hand. For construction of
the molecular phylogenetic tree for tropomyosin, protein sequences were
aligned using T-Coffee (Notredame et al., 2000). Gaps and unaligned regions are
checked by eye and removed manually. After removing gaps, the verified
alignments were used to construct molecular phylogenetic trees. All molecular
phylogenetic trees were calculated based on the neighbor-joining method
(Saitou and Nei, 1987) using MEGA program (Kumar et al., 2001; Ver. 2.1).
Maximum-parsimony analysis using MEGA program (Ver. 2.1) and Maximum-
likelihood analysis using phylip 3.6 package (Felsenstein, 1993) were also
performed for the molecular phylogenetic analysis of Myosin alkali light chain
(see Results). For Noto7/MAD and Collagen alpha 1 type XI proteins, bHLH
domain and fibrillar collagens C-terminal domains, respectively, were used for
analyses. For other proteins, full-length amino acid sequences were used for
alignments. Domains were examined using SMART (Schultz et al., 1998) and
PFAM databases (Bateman et al., 2002).
Results
We constructed cDNA libraries from the gonads, cleaving-
embryos, gastrulae/neurulae, before-hatching-embryos, and
larvae of the anural ascidianM. tectiformis. The average lengths
of cDNA were 1.9 kb, 2.2 kb, 1.4 kb, 1.4 kb, and 1.2 kb,
respectively. We determined 5′-most end sequences of 10,036;
9931; 10,558; 9041; and 10,771 clones and 3′-most end
sequences of 10,801; 10,494; 10,678; 10,152; and 11,019
clones, respectively (DDBJ/EMBL/GenBank Accession nos.
CJ326806–CJ430286). Analysis of the 3′-sequences indicated
that these clones were categorized into 10,619 clusters
(Supplemental Table 1).
Clusters expressed abundantly at embryonic and larval stages
and class DII genes
Because the cDNA libraries were not amplified or normal-
ized, the occurrence of cDNA clones appeared to be in
proportion to their abundance at each stage. To investigate
temporal changes of gene expression patterns by EST data,
relatively large numbers of EST count are required. The term
“EST count” means the number of the obtained clones that
belongs to a certain cluster, representing the amount of
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2003). To compare sequences ofM. tectiformis genes accurately
with the genes of other organisms, full-length sequences are
needed, which can usually be obtained from the assembly of
many clones belonging to the same cluster. Considering these
points, we assembled sequences of all clusters of which clone
numbers occupied more than 0.2% of total clone numbers of
ESTs (0.2% clusters) of cleaving-embryos, gastrulae/neurulae,
before-hatching-embryos, and larvae (Table 1A–D). A total 17,
26, 58, and 65 clusters were assembled respectively, including
overlap. Ten, 19, 48, and 58 of them showed clear ORFs and for
10, 18, 44, and 53, full lengths ORFs of the gene were predicted
(see Materials and methods). For C. intestinalis, 23, 22, 45, and
60 clusters were assembled as 0.2% clusters in ESTs of
cleaving-embryos, gastrulae/neurulae, tailbud-embryos, and
larvae respectively, also including overlap (Table 2A–D).
These sequences were obtained from already determined full
insert sequences by the C. intestinalis cDNA project (Satou et
al., 2002b) or by assembly of the EST sequences. Nineteen, 20,
39, and 54 of these showed clear ORF. For all of these, full-
length sequences of the gene were predicted or have already
been determined, or similarities with known protein are evident.
Their ORFs were also predicted, and BLASTP searches were
performed. Only the clusters that had clear ORFs were used for
further analyses.
Kawashima et al. (2005) reported that in C. intestinalis the
number of genes that show relative large EST counts increases
as development proceeds. As is shown in Table 1, this was also
true for M. tectiformis, indicating that this may be a common
tendency in ascidian development, regardless of urodele or
anural.
With the BLASTP analysis, we categorized 0.2% clusters to
four major classes, according to the classification of Lee et al.
(1999). Class A contains proteins that have functions of many
cell uses; Class B contains proteins that are associated with cell-
cell communication; Class C contains proteins that have
function as transcription factors and other gene regulatory
proteins; and Class D contains proteins that do not have enough
information to classify. Furthermore, proteins of Class A were
categorized into nine subclasses (AI–AIX), proteins of Class B
into three subclasses (BI–BIII), proteins of Class C into three
subclasses (CI–CIII) and proteins of Class D into two
subclasses (DI and DII), as shown in Table 1. As shown in
Fig. 1, there were great differences in the compositions of 0.2%
clusters at each developmental stage between C. intestinalis and
M. tectiformis. It is evident that a lot of genes belonging to the
DII subclass (not significant similarities to known proteins;
shown in pale blue in Fig. 1) are expressed during M.
tectiformis embryogenesis, in contrast to C. intestinalis.
Particularly at the before-hatching stage, nearly half of the
0.2% clusters belong to this subclass (Fig. 1). In fact, seven of
the ten most abundantly expressed clusters at this develop-
mental stage belong to this subclass (Table 1). More than 90%
of these DII proteins showed no similarity with the ESTs of C.
intestinalis by TBLASTN searches with threshold of 1e-15
(data not shown). This is in clear contrast with ESTs of C.
intestinalis tailbud-embryos (Fig. 1). Since we estimated full-length sequences of nearly all of these clusters (Supplemental
Table 2), this phenomenon is unlikely to be an artifact from
insufficient sequence data and their analyses. Amino acid
lengths of the best hit proteins, especially for highly conserved
proteins, were almost the same as the query sequence, further
supporting the fact that full-length ORFs were predicted for
most of the 0.2% clusters (Supplemental Table 2).
Furthermore, there were no muscle structural genes among
0.2% genes throughout embryogenesis in M. tectiformis, and
even after hatching (Table 1). This is in clear contrast to C.
intestinalis. At the tailbud stage and the larva stage of C.
intestinalis, muscle structural genes including muscle actin
(MA), troponin T, tropomyosin, myosin heavy chain, and
myosin regulatory light chain are evident among 0.2% clusters
(underlined in Table 2). These results are described in detail in a
later section.
Genes that show similarity with genes up-regulated at
acquisition of metamorphic competence or at metamorphosis
of urodele ascidians
Some of the 0.2% clusters of M. tectiformis larvae showed
similarity with those cDNAs that were previously isolated from
urodele ascidians as genes that are up-regulated at acquisition of
metamorphic competence or at metamorphosis (Nakayama et
al., 2001; Woods et al., 2004). These genes are summed up in
Supplemental Table 4. Expression of many of these genes
begins at the before-hatching stage and is significantly up-
regulated at the larva stage in anural M. tectiformis, although
some genes showed abundant expression at the before-hatching
stage. Among them, there were six clusters that showed high
similarity with Ci-META2. Ci-META2 was isolated by differ-
ential screening between larvae and juveniles of C. intestinalis
and has three repeats of thrombospondin type I domain
(Nakayama et al., 2001). The six genes obtained by the present
study also encode proteins that had two or three thrombos-
pondin type I repeats in their C-terminal (data not shown). From
its temporal and spatial expression pattern and protein structure,
Ci-META2 is proposed to be involved in epithelial cell
rearrangements during metamorphosis (Nakayama et al.,
2001). In another urodele ascidian Herdmania curvata, three
genes with similarity to Ci-META2 were isolated by microarray
analysis, which compared metamorphosing larva with larvae in
which metamorphosis was blocked artificially (Woods et al.,
2004). These genes were named Hec-meta2, Hec-meta2a and
Hec-meta2b. Hec-meta2 is upregulated immediately after the
acquisition of metamorphic competence, while Hec-meta2a just
before the acquisition of competence (Woods et al., 2004).
META2 may therefore be a relatively conserved gene involved
in ascidian metamorphosis, and may be expressed earlier during
M. tectiformis development.
There were also some clusters which showed similarity with
innate immune-related proteins of another urodele ascidian,
Boltenia villosa (Supplemental Table 4). Those Boltenia genes
were isolated by subtraction hybridization screening for
isolation of differentially expressed transcripts during meta-
morphosis (Davidson and Swalla, 2002). Davidson and Swalla
Table 1
0.2% clusters of Molgula tectiformis
Cluster
ID
EST count Class BLASTP results
gd cl gn bh lv Accession no. Database entry name Organism Probability
A: 0.2% clusters of cleaving-embryo EST of M. tectiformis
1 565 8 81 12 0 0 DII No hits found
2 170 0 71 53 0 0 DII No hits found
3 94 37 49 25 0 0 DI NP_001027614 Ci-META3 Ciona intestinalis e-127
4 415 40 37 34 41 12 AVIII AAA28154 Polyubiquitin Caenorhabditis elegans 0
5 613 4 30 9 5 0 DII No hits found
6 786 15 29 26 5 2 AVI AAH99082 Ribonucleotide reductase M2 (mapped) Rattus norvegicus e-156
7 7 33 26 58 11 0 AIII BAA14010 Cyclin A Asterina pectinifera 2E-94
8 306 28 22 35 1 1 AIII CAA41255 Cyclin B Patella vulgata 2E-88
9 710 12 21 9 3 0 AI CAJ83168 ATPase, Na+/K+ transporting, beta 1 polypeptide Xenopus tropicalis 9E-47
10 118 27 21 10 9 20 AV AAH62859 Ribosomal protein SA Danio rerio e-103
B: 0.2% clusters of gastrula/neurula EST of M. tectiformis
1 140 0 1 62 2 0 DII No hits found
2 7 33 26 58 11 0 AIII BAA14010 Cyclin A Asterina pectinifera 2E-94
3 170 0 71 53 0 0 DII No hits found
4 248 0 2 52 13 1 DII No hits found
5 524 0 0 49 204 0 DII No hits found
6 114 0 2 37 1 0 DII No hits found
7 11 7 19 37 13 122 DII No hits found
8 306 28 22 35 1 1 AIII CAA41255 Cyclin B Patella vulgata 2E-88
9 415 40 37 34 41 12 AVIII AAA28154 Polyubiquitin Caenorhabditis elegans 0
10 136 0 4 33 16 0 AVI AAW66666 Arylsulfatase J Homo sapiens e-132
11 164 0 3 30 7 0 DII No hits found
12 124 3 6 28 31 9 AIII NP_999722 Histone H1-delta Strongylocentrotus
purpuratus
1E-18
13 786 15 29 26 5 2 AVI AAH99082 Ribonucleotide reductase M2 (mapped) Rattus norvegicus e-156
14 94 37 49 25 0 0 DI NP_001027614 Ci-META3 Ciona intestinalis e-127
15 260 4 12 24 15 26 BII BAA92185 Beta-catenin Ciona intestinalis 0
16 313 3 13 22 29 7 BIII XP_693998 PREDICTED: similar to connexin 43 a Danio rerio 4E-31
17 928 0 14 22 4 0 CI BAE06377 Transcription factor protein Ciona intestinalis 6E-33
18 458 3 16 21 6 1 BIII CAB96130 Claudin Halocynthia roretzi 1E-61
19 55 7 16 21 5 1 AIX XP_001109786 PREDICTED: TPX2, microtubule-associated
protein homolog isoform 6 a
Macaca mulatta 5E-51
C: 0.2% clusters of before-hatching-embryo EST of M. tectiformis
1 2845 0 0 1 219 70 DII No hits found
2 524 0 0 49 204 0 DII No hits found
3 1628 4 0 10 195 14 DII No hits found
4 3541 0 0 1 181 391 DII No hits found
5 6374 1 0 0 164 114 DII No hits found
6 1442 0 0 5 132 68 DII No hits found
7 464 1 2 7 129 0 AVI NP_001027723 ATP sulfurylase/APS kinase Ciona intestinalis 0
8 3418 0 0 1 128 162 DII No hits found
9 911 0 0 1 110 88 BIII AAS78465 Matrilin-4-like protein Danio rerio 6E-83
10 6365 0 0 0 97 0 DII No hits found
11 271 0 0 10 85 0 AVI XP_784659 PREDICTED: similar to dTDP-D-glucose
4,6-dehydratase a
Strongylocentrotus
purpuratus
e-114
12 1614 2 1 3 85 1 XP_971644 Similar to CG4347-PA, isoform A Tribolium castaneum 0
AVI AAI18182 UDP-glucose pyrophosphorylase 2 Bos taurus 0
13 6455 0 0 0 85 30 BIII CAJ65510 HyTSRp1 protein Hydra vulgaris e-108
14 720 0 0 5 66 151 AVI XP_791069 PREDICTED: similar to Potential
carboxypeptidase like protein X2 precursor a
Strongylocentrotus
purpuratus
3E-16
15 1672 0 1 6 60 93 DII No hits found
16 268 0 1 10 60 11 DII No hits found
17 359 0 3 14 56 5 DII No hits found
18 869 3 0 6 50 80 AIII AAM76154 Histone 2A Z variant Boltenia villosa 7E-50
19 1583 0 0 18 46 4 AVI BAB83090 Carbonic anhydrase 2 Tribolodon hakonensis 5E-44
20 932 1 3 15 44 0 AVIII AAB66650 Serine proteinase Herdmania momus 1E-77
21 201 0 1 18 43 1 DI AAY19451 META2 Ciona intestinalis 3E-38
22 6376 0 0 0 41 0 CAD97938 Hypothetical protein Homo sapiens 1E-20
AVI BAD96902 Milk fat globule-EGF factor 8 protein variant Homo sapiens 2E-20
23 415 40 37 34 41 12 AVIII AAA28154 Polyubiquitin Caenorhabditis elegans 0
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Table 1 (continued)
Cluster
ID
EST count Class BLASTP results
gd cl gn bh lv Accession no. Database entry name Organism Probability
C: 0.2% clusters of before-hatching-embryo EST of M. tectiformis
24 6449 0 0 0 41 0 DII No hits found
25 6380 0 0 0 37 13 DII No hits found
26 91 56 16 10 36 85 AIV AAC28357 Cytoskeletal actin 1 Molgula occulta 0
27 1170 0 0 6 33 4 DI NP_001008095 MGC89152 protein Xenopus tropicalis 5E-70
28 6475 0 0 0 33 12 XP_547438 PREDICTED: similar to high incidence of males
(increased×chromosome loss) family member (him-4)
Canis familiaris 9E-29
BIII CAI11663 Novel hemicentin protein Danio rerio 3E-28
29 1102 18 1 6 32 6 AIII NP_032237 H3 histone, family 3B Mus musculus 4E-70
30 124 3 6 28 31 9 AIII NP_999722 Histone H1-delta Strongylocentrotus
purpuratus
1E-18
31 313 3 13 22 29 7 BIII XP_693998 PREDICTED: similar to connexin 43a Danio rerio 4E-31
32 6397 0 0 1 29 0 DII No hits found
33 6602 0 0 0 29 0 DII No hits found
34 342 0 0 1 28 2 AIV AAH44160 Transgelin 2 Danio rerio 2E-23
35 3631 2 0 1 26 61 BIII NP_001005799 Collagen, type XI, alpha 2 Xenopus tropicalis 3E-50
36 303 3 0 9 24 7 DII No hits found
37 3134 1 0 1 24 4 DII No hits found
38 1199 0 0 8 23 5 AAH73488 MGC81012 protein Xenopus laevis 1E-18
BIII CAA58449 Lutheran blood group glycoprotein Homo sapiens 2E-18
39 6603 0 0 0 23 5 DII No hits found
40 748 0 2 15 23 15 DII No hits found
41 6435 0 0 0 23 24 DII No hits found
42 1574 0 0 1 22 132 DI AAY19451 META2 Ciona intestinalis 1E-30
43 299 0 2 12 21 3 BIII CAB96129 Putative claudin Halocynthia roretzi 2E-23
44 2174 0 0 1 21 120 DI NP_001027777 Ci-META2 Ciona intestinalis 3E-50
45 6463 0 0 0 21 3 DI AAM76090 Vwa1 protein Boltenia villosa 2E-49
46 6492 0 0 0 21 25 DII No hits found
47 3413 0 1 2 21 6 DII No hits found
48 1268 96 2 4 20 28 AV BAB83860 Elongation factor 1a Oreochromis niloticus 0
D: 0.2% clusters of larva EST of M. tectiformis
1 3541 0 0 1 181 391 DII No hits found
2 3175 16 3 1 13 320 DI XP_532030 PREDICTED: similar to sushi, von Willebrand factor
type A, EGF and pentraxin domain containing 1
Canis familiaris 5E-37
3 3418 0 0 1 128 162 DII No hits found
4 720 0 0 5 66 151 AVI XP_791069 PREDICTED: similar to potential
carboxypeptidase-like protein X2 precursor a
Strongylocentrotus
purpuratus
3E-16
5 6386 0 0 0 6 147 DI NP_001027777 Ci-META2 Ciona intestinalis 8E-46
6 1574 0 0 1 22 132 DI AAY19451 META2 Ciona intestinalis 1E-30
7 6687 0 0 0 8 128 DI XP_980179 PREDICTED: CUB and Sushi multiple
domains 3 isoform 3
Mus musculus 3E-46
8 11 7 19 37 13 122 DII No hits found
9 2174 0 0 1 21 120 DI NP_001027777 Ci-META2 Ciona intestinalis 3E-50
10 6677 0 0 0 1 119 DII No hits found
11 6374 1 0 0 164 114 DII No hits found
12 1894 62 4 10 17 101 AVII BAD12572 Heat shock protein Numida meleagris 0
13 1672 0 1 6 60 93 DII No hits found
14 911 0 0 1 110 88 BIII AAS78465 Matrilin-4-like protein Danio rerio 6E-83
15 91 56 16 10 36 85 AIV AAC28357 Cytoskeletal actin 1 Molgula occulta 0
16 869 3 0 6 50 80 AIII AAM76154 Histone 2A Z variant Boltenia villosa 7E-50
17 6524 0 0 0 10 78 DI NP_001027777 Ci-META2 Ciona intestinalis 3E-62
18 6592 0 0 0 8 74 DII No hits found
19 2845 0 0 1 219 70 DII No hits found
20 6886 0 0 0 3 68 DI NP_001027777 Ci-META2 Ciona intestinalis 3E-47
21 1442 0 0 5 132 68 DII No hits found
22 6996 0 0 0 5 66 DII No hits found
23 7373 0 0 0 1 61 AVIII CAD24309 Putative coagulation serine protease Ciona intestinalis 5E-26
24 3631 2 0 1 26 61 BIII NP_001005799 Collagen, type XI, alpha 2 Xenopus tropicalis 3E-50
25 6881 0 0 0 11 54 DII No hits found
26 7359 0 0 0 2 54 DII No hits found
27 6957 0 0 0 5 53 DI XP_780867 PREDICTED: similar to complement component
(3d/Epstein Barr virus) receptor 2 isoform 1
Strongylocentrotus
purpuratus
5E-24
(continued on next page)
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Table 1 (continued)
Cluster
ID
EST count Class BLASTP results
gd cl gn bh lv Accession no. Database entry name Organism Probability
D: 0.2% clusters of larva EST of M. tectiformis
28 3675 29 7 3 4 51 AAH56066 Unknown (protein for MGC:69038) Xenopus laevis e-112
AV NP_998444 Ribosomal protein S2 Danio rerio e-111
29 7397 0 0 0 0 50 DII No hits found
30 7479 0 0 0 0 48 DII No hits found
31 6482 0 0 0 7 47 DII No hits found
32 2032 1 0 4 11 44 DII No hits found
33 5832 22 1 0 15 39 AVIII AAY33776 Putative protein disulfide isomerase 2 Dictyocaulus viviparus e-146
34 7472 0 0 0 0 38 DII No hits found
35 2746 0 0 2 12 36 DII No hits found
36 3125 0 0 1 1 36 DI XP_967476 PREDICTED: similar to Y69H2.3a isoform 1 Tribolium castaneum 3E-26
37 4887 210 2 0 10 33 AIV AAP80594 Putative alpha-tubulin Oikopleura dioica 0
38 6309 12 1 0 0 31 AV AAK95191 40S ribosomal protein S9 Ictalurus punctatus 1E-89
39 6638 0 0 0 6 31 DII No hits found
40 6455 0 0 0 85 30 BIII CAJ65510 HyTSRp1 protein Hydra vulgaris e-108
41 7418 0 0 0 1 29 AIV CAD10678 Intermediate filament protein C Molgula oculata 0
42 1268 96 2 4 20 28 AV BAB83860 Elongation factor 1a Oreochromis niloticus 0
43 908 0 0 1 0 28 BIII CAJ65510 HyTSRp1 protein Hydra vulgaris e-100
44 764 20 1 5 14 27 AV AAH53126 Poly(A) binding protein, cytoplasmic 4 (inducible form) Danio rerio e-177
45 4486 b 25 2 1 1 27 AV AAI06153 Ribosomal protein S4, X-linked Mus musculus e-118
46 2453 11 0 1 1 26 AV XP_708096 PREDICTED: similar to Ribosomal protein
L13a isoform 2a
Danio rerio 5E-73
47 260 4 12 24 15 26 BII BAA92185 Beta-catenin Ciona intestinalis 0
48 6492 0 0 0 21 25 DII No hits found
49 6486 5 0 0 2 24 AV CAH04344 S25e ribosomal protein Platystomos albinus 5E-28
50 6435 0 0 0 23 24 DII No hits found
51 7500 0 0 0 0 24 DII No hits found
52 6097 5 3 0 2 23 AV CAA08751 Ribosomal protein S21 Drosophila melanogaster 2E-27
53 7726 7 0 0 1 23 AV AAO43049 40S ribosomal protein Perinereis aibuhitensis 7E-53
54 6966 1 0 0 10 23 CI BAE06356 Nuclear receptor Ciona intestinalis e-179
55 4240 2 3 0 11 22 AIV AAH43995 ACTN1 protein Xenopus laevis 0
56 7556 1 0 0 1 22 AV AAP06225 Similar to GenBank Accession no. AJ312339 putative
ribosomal protein L27A protein in Oncorhynchus mykiss
Schistosoma japonicum 7E-34
57 7372 0 0 0 0 22 XP_422715 PREDICTED: similar to Fc fragment of IgG binding
protein; IgG Fc binding protein
Gallus gallus 5E-64
BIII XP_690330 PREDICTED: similar to zonadhesin a Danio rerio 3E-54
58 7407 0 0 0 0 22 DI XP_980179 PREDICTED: CUB and Sushi multiple domains
3 isoform 3
Mus musculus 1E-28
Class A: Functions that many kinds of cells use
AI Transportation and binding proteins for ions and other small molecules
AII RNA processing, polymerizing, splicing and binding proteins, and enzymes
AIII Cell replication, histones, cyclins and allied kinases, DNA polymerases, topoisomerases, DNA modification
AVI Cytoskeleton and membrane proteins
AV Protein synthesis co-factors, tRNA synthetases, ribosomal proteins
AVI Intermediary synthesis and catabolism enzymes
AVII Stress response, detoxification and cell defense proteins
AVIII Protein degradation and processing, proteases
AIX Transportation and binding proteins for proteins and other macromolecules
Class B: Cell–cell communication
BI Signaling receptors, including cytokine and hormone receptors, and signaling ligands
BII Intracellular signal transduction pathway molecules including kinases and signal intermediates
BIII Extracellular matrix proteins and cell adhesion
Class C: Transcription factors and other gene regulatory proteins
CI Sequence-specific DNA-binding proteins
CII Non-DNA binding proteins that perform positive or negative roles
CIII Chromatin proteins other than AIII with regulatory function
Class D: Miscellaneous
DI Not enough information to classify. (If the top five best hit proteins of BLASTP search were all function-unknown proteins, the cluster was considered as DI
gene. Otherwise, the function-known protein that has high similarity with the cluster was also contained in the table and the classification was performed according
to that function-known gene.)
DII Not significant similarities to known proteins. (If the C. intestinalis gene showed similarity with a function-unknown protein of C. intestinalis or C. savignyi
but nothing else, the gene was considered as DII gene.)
a If the best hit protein was predicted by an automated computational analysis, the other proteins that showed high similarity with the query were surveyed and the
classification was confirmed by them.
b The major contig encodes ribosomal protein S4; other contigs seem to encode different genes. See also Supplemental Table 2.
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Table 2
0.2% clusters of Ciona intestinalis embryonic/larval muscle structural proteins are underlined
Cluster
ID
EST count Class Query
used for
BLASTP
BLASTP results
cl gn tb lv Accession no. Database entry name Organism Probability
A: 0.2% clusters of cleaving-embryo EST of C. intestinalis
1 80 189 154 809 184 AV AK113163 CAA70221 Elongation factor 1A Geodia cydonium 0
2 20 173 107 126 28 AVI AK113172 BAA11765 ADP/ATP translocase Halocynthia roretzi e-138
3 46 149 86 723 937 AIV AK113147 BAA25398 CsCA1 Ciona savignyi 0
4 85 149 60 207 217 AV AK113155 AAH62854 Rplp0 protein Danio rerio e-110
5 1131 125 60 412 119 AII AK115636 XP_968789 PREDICTED: similar to splicing factor,
arginine/serine-rich 7a
Tribolium castaneum 1E-33
6 1468 125 0 6 431 AVIII AK173439 CAJ57448 Astacin 2 Hydractinia echinata 1E-35
7 734 97 73 27 0 AIII Assembled AAC35952 Cyclin B Dreissena
polymorpha
2E-93
8 2454 92 20 18 25 AVIII AK114483 AAR11779 Cyclophilin A Chlamys farreri 2E-61
9 585 92 51 19 3 DI AK173377 NP_001027614 Ci-META3 Ciona intestinalis e-150
10 183 86 65 77 80 AV AK113177 NP_001007869 Ribosomal protein S2 Xenopus tropicalis e-109
11 4566 75 165 14 0 AIII AK115119 BAA14010 Cyclin A Asterina pectinifera 5E-97
12 1219 72 61 16 5 DII Assembled No hits found
13 38 66 0 14 0 AIII Assembled BAA14010 Cyclin A Asterina pectinifera 3E-97
14 708 65 43 46 1 AIV Assembled AAI02540 Similar to ribosome associated membrane
protein 4
Bos taurus 3E-21
15 289 64 47 69 23 BIII AK174961 CAB96129 Putative claudin Halocynthia roretzi 8E-22
16 121 61 87 81 4 AI AK115069 AAF65254 Voltage-dependent anion channel Squalus acanthias 6E-99
17 283 60 134 70 14 AVI Assembled CAD56918 Cytochrome oxidase subunit III Ciona intestinalis e-135
18 994 56 18 15 15 AVI AK116492 C04604 Cytochrome c-guinea pig (tentative sequence) Cavia porcellus 3E-40
19 881 54 19 33 19 AVI AK115367 BAD74117 Glyceraldehyde-3-phosphate dehydro-genase
(GAPDH) homologue
Pelodiscus sinensis e-154
B: 0.2% clusters of gastrulae/neurulae EST of C. intestinalis
1 5604 a 0 293 3 1 DII Assembled No hits found
2 4566 75 165 14 0 AIII AK115119 BAA14010 Cyclin A Asterina pectinifera 5E-97
3 80 189 154 809 184 AV AK113163 CAA70221 Elongation factor 1A Geodia cydonium 0
4 283 60 134 70 14 AVI Assembled CAD56918 Cytochrome oxidase subunit III Ciona intestinalis e-135
5 20 173 107 126 28 AVI AK113172 BAA11765 ADT/ATP translocase Halocynthia roretzi e-138
6 121 61 87 81 4 AI AK115069 AAF65254 Voltage-dependent anion channel Squalus acanthias 6E-99
7 46 149 86 723 937 AIV AK113147 BAA25398 CsCA1 Ciona savignyi 0
8 13150 3 84 8 5 AVI AK116803 CAD56922 Cytochrome oxidase subunit I Ciona intestinalis 0
9 734 97 73 27 0 AIII Assembled AAC35952 Cyclin B Dreissena
polymorpha
2E-93
10 183 86 65 77 80 AV AK113177 NP_001007869 Ribosomal protein S2 Xenopus tropicalis e-109
11 321 52 65 69 16 BII Assembled BAA92185 Beta-catenin Ciona intestinalis 0
12 1219 72 61 16 5 DII Assembled No hits found
13 1131 125 60 412 119 AII AK115636 XP_968789 PREDICTED: similar to splicing factor,
arginine/serine-rich 7a
Tribolium castaneum 2E-33
14 85 149 60 207 217 AV AK113155 AAH62854 Rplp0 protein Danio rerio e-110
15 36868 12 53 143 48 AIV AK174695 BAA23596 CsMA-1 Ciona savignyi 0
16 1600 b 1 53 7 0 AVI Assembled CAD56915 Cytochrome oxidase subunit II Ciona intestinalis e-115
CAD56916 Cytochrome b Ciona intestinalis e-135
17 870 13 52 18 2 AVII AK115284 AAQ95586 HSP-90 Dicentrarchus labrax 0
18 585 92 51 19 3 DI AK173377 NP_001027614 Ci-META3 Ciona intestinalis e-150
19 774 4 48 97 19 DII Assembled No hits found
20 289 64 47 69 23 BIII AK174961 CAB96129 Putative claudin Halocynthia roretzi 8E-22
C: 0.2% clusters of tailbud EST of C. intestinalis
1 80 189 154 809 184 AV AK113163 CAA70221 Elongation factor 1A Geodia cydonium 0
2 46 149 86 723 937 AIV AK113147 BAA25398 CsCA1 Ciona savignyi 0
3 1131 125 60 412 119 AII AK115636 XP_968789 PREDICTED: similar to splicing factor,
arginine/serine-rich 7a
Tribolium castaneum 2E-33
4 87 24 34 287 395 DII Assembled No hits found
5 85 149 60 207 217 AV AK113155 AAH62854 Rplp0 protein Danio rerio e-110
6 2518 40 43 197 254 AVII Assembled AAO43731 Heat shock cognate 70 kDa protein Carassius auratus
gibelio
0
7 70 23 8 146 25 DI AK113637 AAH44994 MGC53049 protein Xenopus laevis 5E-19
8 36868 12 53 143 48 AIV AK174695 BAA23596 CsMA-1 Ciona savignyi 0
(continued on next page)
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Table 2 (continued)
Cluster
ID
EST count Class Query
used for
BLASTP
BLASTP results
cl gn tb lv Accession no. Database entry name Organism Probability
C: 0.2% clusters of tailbud EST of C. intestinalis
9 246 3 3 131 50 AIV AK113148 AAP80594 Putative alpha-tubulin Oikopleura dioica 0
10 25 17 0 128 290 AIV AK113179 BAC53766 Muscle actin Halocynthia roretzi 0
11 20 173 107 126 28 AVI AK113172 BAA11765 ADP/ATP translocase Halocynthia roretzi e-138
12 576 11 39 121 0 DII AK113186 No hits found
13 419 0 0 118 363 AVIII AK115454 CAD24309 Putative coagulation serine protease Ciona intestinalis 3E-61
14 171 4 15 117 75 DII Assembled NP_001027612 Epi-1 Ciona intestinalis 0
15 3357 0 10 112 13 BIII AK116819 NP_001029004 Fibrillar collagen Ciona intestinalis 3E-98
16 114 28 19 100 20 AVI Assembled XP_784659 PREDICTED: similar to dTDP-D-glucose
4,6-dehydratase a
Strongylocentrotus
purpuratus
e-115
17 774 4 48 97 19 DII Assembled No hits found
18 14 21 29 97 4 AVI AK116111 AAH62507 Tsta3-prov protein Xenopus tropicalis e-128
19 3288 0 16 96 95 AIV Assembled BAA09463 Troponin T Halocynthia roretzi 2E-50
20 20013 8 26 92 13 AIV AK174666 BAA23596.1 CsMA-1 Ciona savignyi 0
21 86 43 44 89 84 AIV AK116810 CAD79598 Beta-tubulin Suberites domuncula 0
22 406 3 13 89 56 CI AK113151 BAE06759 Y-box protein 1/2/3 Ciona intestinalis 7E-62
23 152 3 10 86 12 DII AK116116 BAD18075 Hypothetical protein Ciona savignyi 1E-41
24 299 0 2 85 74 BIII AK113159 XP_694062 Similar to mouse a1(XI) collagen chain Danio rerio 2E-74
25 608 1 14 84 81 AIV AK174927 CAA45469 Tropomyosin Ciona intestinalis 4E-71
26 121 61 87 81 4 AI AK115069 AAF65254 Voltage-dependent anion channel Squalus acanthias 6E-99
27 56 0 0 81 135 DI Assembled BAC41519 Galaxin Galaxea fascicularis 8E-31
28 183 86 65 77 80 AV AK113177 NP_001007869 Ribosomal protein S2 Xenopus tropicalis e-109
29 110 17 22 77 58 AV AK113198 XP_856957 Similar to Polyadenylate-binding protein
1isoform 12
Canis familiaris e-119
30 31 14 8 75 55 AIV AK174782 NP_002468 Superfast myosin regulatory light chain 2 Homo sapiens 7E-52
31 416 18 15 73 42 DI AK173378 XP_993137 PREDICTED: similar to huntingtin interacting
protein B isoform 2
Mus musculus 1E-46
32 283 60 134 70 14 AVI Assembled CAD56918 Cytochrome oxidase subunit III Ciona intestinalis e-135
33 321 52 65 69 16 BII Assembled BAA92185 Beta-catenin Ciona intestinalis 0
34 289 64 47 69 23 BIII AK174961 CAB96129 Putative claudin Halocynthia roretzi 8E-22
35 327 2 9 68 94 AIV AK116849 BAA08111 Embryonic muscle myosin heavy chain Halocynthia roretzi e-155
36 244 0 0 67 118 DI Assembled XP_850060 PREDICTED: similar to CUB and Sushi
multiple domains 3 isoform 1isoform 2
Canis familiaris 5E-36
37 561 4 4 67 20 BIII Assembled BAA03127 Entactin/nidogen Halocynthia roretzi 1E-94
38 35 0 5 65 313 AK116856 EAT42496 Conserved hypothetical protein Aedes aegypti 1E-33
BIII AAM11539 Matrilin-2 Mus musculus 4E-32
39 45 34 18 65 48 AV AK115834 AAH45902 Ribosomal protein S3 Danio rerio e-108
D: 0.2% clusters of larva EST of C. intestinalis
1 46 149 86 723 937 AIV AK113147 BAA25398 CsCA1 Ciona savignyi 0
2 1468 125 0 6 431 AVIII AK173439 CAJ57448 Astacin 2 Hydractinia echinata 1E-35
3 87 24 34 287 395 DII Assembled No hits found
4 419 0 0 118 363 AVIII AK115454 CAD24309 Putative coagulation serine protease Ciona intestinalis 3E-61
5 837 1 0 34 336 BIII AK115868 AAF44681 Collagen IV a1 chain Gallus gallus e-112
6 35 0 5 65 313 AK116856 EAT42496 Conserved hypothetical protein Aedes aegypti 1E-33
BIII AAM11539 Matrilin-2 Mus musculus 4E-32
7 25 17 0 128 290 AIV AK113179 BAC53766 Muscle actin Halocynthia roretzi 0
8 2518 40 43 197 254 AVII Assembled AAO43731 Heat shock cognate 70 kDa protein Carassius auratus
gibelio
0
9 85 149 60 207 217 AV AK113155 AAH62854 Rplp0 protein Danio rerio e-110
10 662 0 0 11 194 AIV AK173390 CAC24550 Intermediate filament protein IF-A Ciona intestinalis 0
11 80 189 154 809 184 AV AK113163 CAA70221 Elongation factor 1A Geodia cydonium 0
12 359 1 0 22 139 AIV Assembled BAA09463 Troponin T Halocynthia roretzi 8E-50
13 5844 7 7 53 135 AII Assembled BAA77512 Cold-inducible RNA-binding protein Ciona intestinalis 1E-40
14 56 0 0 81 135 DI Assembled BAC41519 Galaxin Galaxea fascicularis 8E-31
15 946 0 0 32 134 AVI AK115634 BAD10864 Putative cellulose synthase Ciona intestinalis 0
16 4912 7 12 42 124 AII AK115588 BAA77512 Cold-inducible RNA-binding protein Ciona intestinalis 3E-23
17 1131 125 60 412 119 AII AK115636 XP_968789 PREDICTED: similar to splicing factor,
arginine/serine-rich 7a
Tribolium castaneum 2E-33
18 617 1 1 10 119 DI AK113101 AAH12973 Uromodulin Mus musculus 2E-24
19 244 0 0 67 118 DI Assembled XP_850060 PREDICTED: similar to CUB and Sushi
multiple domains 3 isoform 1isoform 2
Canis familiaris 5E-36
20 3611 0 1 14 111 DII AK113541 No hits found
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Table 2 (continued)
Cluster
ID
EST count Class Query
used for
BLASTP
BLASTP results
cl gn tb lv Accession no. Database entry name Organism Probability
D: 0.2% clusters of larva EST of C. intestinalis
21 527 1 0 23 110 DII AK115770 No hits found
22 1974 0 0 5 106 AVI Assembled NP_001027661 Creatine kinase Ciona intestinalis 0
23 449 4 11 42 100 AII AK173398 NP_001027962 Nucleolin like protein CiRGG1 Ciona intestinalis e-159
24 1237 13 0 11 98 AV AK113549 A5322 Acidic ribosomal protein P1-hydromedusa Polyorchis
penicillatus
1E-21
25 538 4 5 26 96 AII AK173689 AAO24773 Heterogeneous nuclear ribonucleoprotein R Rattus norvegicus e-134
26 3288 0 16 96 95 AIV Assembled BAA09463 Troponin T Halocynthia roretzi 2E-50
27 327 2 9 68 94 AIV AK116849 BAA08111 Embryonic muscle myosin heavy chain Halocynthia roretzi e-155
28 3384 0 0 1 87 DII Assembled NP_001027970 Mech3 protein Ciona intestinalis 2E-26
29 2342 23 10 42 85 AII Assembled AAH65601 snRNP-associated protein Danio rerio 3E-31
30 57 1 2 34 85 DI Assembled AAH93379 Similar to chromosome 6 open reading
frame 188
Rattus norvegicus 2E-22
31 86 43 44 89 84 AIV AK116810 CAD79598 Beta-tubulin Suberites domuncula 0
32 2751 17 13 30 82 DII Assembled No hits found
33 608 1 14 84 81 AIV AK174927 CAA45469 Tropomyosin Ciona intestinalis 4E-71
34 183 86 65 77 80 AV AK113177 NP_001007869 Ribosomal protein S2 Xenopus tropicalis e-109
35 2659 0 0 1 79 DI AK113070 XP_520182 PREDICTED: similar to polydom protein Pan troglodytes 1E-64
36 171 4 15 117 75 DII Assembled NP_001027612 Epi-1 Ciona intestinalis 0
37 299 0 2 85 74 BIII AK113159 XP_694062 Similar to mouse a1(XI) collagen chain Danio rerio 2E-74
38 429 5 14 40 71 AK113051 AAH72812 Seb4-A-prov protein Xenopus laevis 9E-46
AII AAH61322 RNA-binding region (RNP1, RRM)
containing 1
Xenopus tropicalis 1E-45
39 578 0 0 46 70 BIII AK115182 AAT41626 Collagen type IX-like Ciona intestinalis e-121
40 194 0 0 19 68 DII Assembled No hits found
41 944 8 8 31 67 DII AK173438 No hits found
42 871 30 15 58 60 AV Assembled AAN86980 Ribosomal protein S27 Branchiostoma
belcheri tsingtaunese
9E-36
43 274 30 17 35 58 AK113068 CAG32462 Hypothetical protein Gallus gallus e-134
AV AAH81801 Ribosomal protein L4 Rattus norvegicus e-132
44 110 17 22 77 58 AV AK113198 XP_856957 Similar to Polyadenylate-binding
protein 1 isoform 12
Canis familiaris e-119
45 406 3 13 89 56 BII AK113151 BAE06759 Y-box protein 1/2/3 Ciona intestinalis 7E-62
46 31 14 8 75 55 AIV AK174782 NP_002468 Superfast myosin regulatory light chain 2 Homo sapiens 7E-52
47 119 12 1 19 54 AVI AK174235 XP_617317 Similar to acyl-CoA synthetase long-chain
family member 1 isoform 1
Bos taurus 1E-21
48 6034 7 5 16 54 AI Assembled AAQ94568 Potassium channel modulatory factor 1 Danio rerio 4E-81
49 3442 0 0 3 52 DI AK173360 NP_001027777 Ci-META2 Ciona intestinalis 0
50 2797 8 0 6 51 AV Assembled XP_949204 PREDICTED: similar to ribosomal protein
L15 isoform 6c
Homo sapiens 2E-96
51 2124 4 6 31 51 DI Assembled AAH12973 Uromodulin Mus musculus 4E-26
52 246 3 3 131 50 AIV AK113148 AAP80594 Putative alpha-tubulin Oikopleura dioica 0
53 3314 0 0 1 50 DI AK112219 AAM76090 Vwa1 protein Boltenia villosa 3E-70
54 1427 0 0 3 49 DII Assembled No hits found
a This cluster generated four contigs, three of which did not have any clear ORFs. Since those three contigs are a fraction of the last contig, the Blast result of the last
contig was adopted.
b Two ORF's existed in a single contig.
c If the best hit protein was predicted by an automated computational analysis, the other protein that shared high similarity with the query were surveyed and the
classification was confirmed by them.
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genes during metamorphosis is important in the detection of
endogenous signals indicative of tissue damage or body plan
remodeling. Selected innate immunity Boltenia genes were
characterized in detail and it was shown that expressions of
them are indeed upregulated during post-larval development
and metamorphosis. Woods et al. (2004) also reported alteration
in the expression of a number of genes involving innate
immunity by microarray analysis in H. curvata.M. tectiformis begins to form an adult body at the place
where it hatches, since it does not move as a locomotory larva. It
begins to extend ampullae, epithelial projections characterizing
the metamorphosis of urodele ascidians, before hatching.
Considering these points, early expression of these genes may
reflect the beginning of the adult formation that occurs
somewhat later in urodele species. Further characterization of
these genes would help in understanding on metamorphosis
during anural ascidian development.
Fig. 1. Ratio of each subclass of 0.2% clusters between M. tectiformis and C. intestinalis ESTs of four developmental stages. Numbers of clusters of the each
subclasses are shown. cl, cleaving-embryos; ga, gastrulae/neurulae; tb, tailbud-embryos; bh, before-hatching-embryos; lv, larvae. The numbers in the parentheses
indicate the numbers of the total 0.2% clusters of the stage.
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There were no muscle structural genes among 0.2% genes
throughout the embryogenesis of M. tectiformis, and even after
hatching (Table 1). This is in clear contrast with C. intestinalis.
At the tailbud and the larval stages of C. intestinalis, muscle
structural genes including muscle actin (MA), troponin T,
tropomyosin, myosin heavy chain, and myosin regulatory light
chain are evident among 0.2% clusters (Table 2). The present
result is consistent with previous studies, which showed that
expression of muscle actin is suppressed during the embryogen-
esis in several anural species, includingM. occulta,M. tectiformis,
andM. bleizi (Kusakabe et al., 1996; Tagawa et al., 1997; Jeffery
et al., 1999). Nevertheless, there remains possibility that
embryonic/larval muscle structural genes are expressed at very
low level inM. tectiformis embryos or larvae, because Kusakabe
et al. (1996) reported that there were a few embryos ofM. occulta
that showed subtle expression of muscle actin gene in embryonic
muscle lineage cells. To test this issue, we searched for candidates
for muscle structural genes by TBLASTN algorithms (see
Materials and methods). We obtained several candidates and
then determined their evolutionary relationships with known
muscle structural proteins.
Actin
Actin, a principal component of thin myofilaments, is one of
the most highly conserved proteins among eukaryotes.
Vertebrates have several actin isoforms that fall into two main
classes, namely, muscle type, and cytoplasmic type. These two
can be distinguished by diagnostic amino acids at several
positions of the proteins (Fig. 2A; Vandekerckhove and Weber,1979). All muscle structural proteins in the C. intestinalis
genome have been characterized using those diagnostic amino
acids, resulting in six muscle-type and eight non-muscle-type
actin genes being identified (Fig. 2B; Chiba et al., 2003). The
presence of muscle and non-muscle type actin genes in both
Ciona and vertebrates and the non-presence of muscle type
actin genes in other invertebrates are interpreted such that these
gene classes evolved early during chordate evolution (Chiba et
al., 2003). This same method is thus expected to be useful in the
analysis of M. tectiformis actin genes.
Because actin is one of the most conserved proteins,
automatic clustering likely groups the highly similar, but
different, actin genes together. Therefore we manually reas-
sembled clones of the putative actin genes obtained. These
clones were assembled into ten clusters, excluding a few
clusters that showed similarity with previously known actin-
related proteins or those genes that were highly diverged and
unlikely to be actin genes. It should be noted that it is impossible
to completely distinguish between highly similar, but different
genes and genes that have some polymorphism, with cDNA
sequence data only. That is, we cannot conclude that ten clusters
really represent ten different genes at present. Actin genes are
highly conserved so molecular phylogenetic trees are not
always informative. We therefore adopted the diagnostic amino
acid comparison strategy in order to distinguish cytoplasmic
and muscle actins. By comparing aligned amino acid sequences
of these clusters with vertebrate and Ciona muscle and
cytoplasmic actins, we confirmed that all of the actin genes
found in the M. tectiformis ESTs belong to cytoplasmic actins
(Fig. 2C). No muscle-type actin genes were found at any of the
EST stages examined in the present study.
Fig. 2. Comparison of diagnostic amino acid residues of M. tectiformis actins with those of vertebrates and C. intestinalis. (A) Diagnostic amino acids of vertebrate
muscle and cytoplasmic actin. Amino acid residues of the cytoplasmic actins are shown in black letters in white boxes while those of the muscle actins are shown in
white letters in black boxes. (B) Muscle and cytoplasmic actins of C. intestinalis (cited from Chiba et al., 2003). The Ciona genome contains six muscle-type actin
(MA) genes, and eight cytoplasmic-type actin (CA) genes. (C) Actins obtained from present Molgula EST analysis. Amino acid residues that are identical with the
vertebrate cytoplasmic actins are shown in black letters in white boxes while those identical with the vertebrate muscle actins are shown in white letters in black boxes.
Amino acid residues that are different between ascidian and vertebrate actins are shown in black letters in gray boxes.
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We also searched for seven other components of myofila-
ments, namely, class II myosin heavy chain (MHC), myosin
alkali light chain (MLC), myosin regulatory light chain
(MRLC), tropomyosin (TPM), Troponin I (TnI), Troponin T
(TnT), and Troponin C (TnC) (see Materials and methods).
Chiba et al. (2003) searched for all these genes from the C.
intestinalis genome, and found that there are several paralogues
for each of them (Table 3). Their data suggest that most of those
genes have larval/adult and/or muscle/non-muscle specificity
(Chiba et al., 2003). Results of the present searches are
summarized in Table 3. By TBLASTN and BLASTX searches,
we found one or two candidates for MHC, MLC, MRLC, and
TPM but could not find any candidates for TnI, TnI, and TnC
(see Materials and methods; Table 3; Supplemental Figs. 1 to 5).
We determined the full-insert-length sequence of the longest
clone of each of the genes obtained (Accession nos. and other
information such as Accession nos. or amino acid length of
the genes are given in Supplemental Table 7). We then
performed molecular phylogenetic analyses of these genes by
neighbor-joining method (Fig. 3A for MHC, 3B for MLC, 3C
for MRLC, and 3D for TPM). Although we could not
determine the molecular phylogenetic position of the TPM
candidate gene (Fig. 3D), we could assign the other four M.tectiformis genes to one of the C. intestinalis genes (Figs.
3A–C; Table 3). These results show that none of these genes
groups with the embryonic/larval muscle structural genes of
C. intestinalis (Fig. 3; Table 3). Even for the candidate of
TPM, whose molecular phylogenetic position was not clear in
this study, the dendrogram (Fig. 3D) and similarity of the
amino acid (Supplemental Fig. 5) showed that this gene is
unlikely to be a bona fide tropomyosin. Affinity to Ci-
tropomyosin-like, one of the Brachyury-downstream targets
that are characterized in later section, also seems to be weak
(Fig. 3D). Amino acid structure of this gene was also against
the possibility that this gene and Ci-tropomyosin-like or Ci-
tropomyosin-like2 are in orthologous relationship (Supplemental
Fig. 5 and data not shown). Therefore, this gene was named
Mt-tropomyosin-related.
Considering that the scale of the present EST of M.
tectiformis is somewhat smaller than that of C. intestinalis, we
calculated the expected EST count of muscle structural genes
in M. tectiformis if the embryos were developing larval
muscle as C. intestinalis (Supplemental Table 6). Our results
indicate that even if muscle structural genes were expressed in
this anural ascidian, the relative amount of expression is less
than one hundredth expression in C. intestinalis. In summary,
in spite of our extensive searches for muscle actin, class II
Table 3
The relationship between C. intestinalis muscle structural genes and M. tectiformis genes
C. intestinalis Query of TBLASTN
searches
M. tectiformis
Gene name Expression pattern deduced from EST counts a Gene obtained Gene assigned Gene name
Ci-MHC1 b Various tissues including embryonic notochord
(embryonic notochord c)
P12882 2 1 Mt-MHC1a d
Mt-MHC1b d
Mt-MHC1c d
Ci-MHC2 Adult heart 1 Mt-MHC2 e
Ci-MHC3 Adult body wall muscle 0 *
Ci-MHC4 f Embryonic/larval muscle g 0 *
Ci-MHC5 f Embryonic/larval muscle g 0 *
Ci-MHC6 f Embryonic/larval muscle g 0 *
Ci-MLC1 h Embryonic/larval muscle g P05976 1 0 *
Ci-MLC2 h Embryonic/larval muscle g 0 *
Ci-MLC3 h Embryonic/larval muscle g 0 *
Ci-MLC4 Adult muscle and various tissues 1 Mt-MLC1
Ci-MRLC1 i Embryonic/larval muscle g P07461 1 0 *
Ci-MRLC2 i Embryonic/larval muscle g 0 *
Ci-MRLC3 i Embryonic/larval muscle g 0 *
Ci-MRLC4 Adult muscle and various tissues 0 *
Ci-MRLC5 b Adult muscle and various tissues 1 Mt-MRLC1
Ci-TPM1 Adult body wall muscle and heart P09493 1 0 *
Ci-TPM2 Embryonic/larval muscle g 0 *
Ci-TPM3 Embryonic/larval muscle and adult heart
(embryonic muscle g)
0 *
Ci-tropomyosin-like Larval notochord and some of the adult tissues
(notochordc)
0 *
Ci-tropomyosin-like 2 Both embryonic/larval and adult tissues 0 *
* * Could not
be assigned
Mt-tropomyosin-related
Ci-TnT Embryonic/larval muscle and adult tissues
(embryonic/larval muscle g)
D50867 0 0 *
Ci-TnC1 Embryonic/larval and adult tissues Q9BQN9 0 0 *
Ci-TnC2 Embryonic/larval muscle 0 *
Ci-TnC3 Embryonic/larval muscle 0 *
Ci-TnI Embryonic/larval muscle and adult tissues
(embryonic/larval muscle g)
P02646 0 0 *
a Mostly cited from Chiba et al. (2003).
b These two genes were shown to be more closely related to non-muscle isoforms of protostomes and deuterostomes, by molecular phylogenetic analysis done by
Chiba et al. (2003).
c Spatial expression patterns were examined by whole mount in situ hybridization by Di Gregorio and Levine (1999) and/or Takahashi et al. (1999).
d These three are splicing isoforms that seem to belonging to a single locus.
e The reason why an orthologous gene of Ci-MHC2, which is expressed almost exclusively in the adult heart of C. intestinalis, was contained in the present EST set
was not clear.
f These three genes encode nearly identical proteins (Chiba et al., 2003).
g Spatial expression patterns were examined by whole mount in situ hybridization by Satou et al. (2001) and/or Kusakabe et al. (2002).
h These three genes encode nearly identical proteins (Chiba et al., 2003).
i These three genes encode nearly identical proteins (Chiba et al., 2003).
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light chain, tropomyosin, troponin I, troponin C, and troponin
T, no embryonic/larval isoforms of these genes were detected
from M. tectiformis ESTs of any developmental stages.
Expression of notochord-related genes
In urodele ascidians, a T-box transcription factor Brachy-
ury is known to have a pivotal role in notochord formation(Yasuo and Satoh, 1993, 1998; Corbo et al., 1997). Nearly 40
downstream targets of Brachyury, which are expressed mainly
in notochordal cells, were isolated by subtractive hybridiza-
tion screen between Brachyury overexpressed embryos and
normal embryos (Supplemental Table 8; Takahashi et al.,
1999; Hotta et al., 1999, 2000). Although notochord is not
differentiated in M. tectiformis embryos, Brachyury has been
shown to be expressed in a similar manner as in urodele
ascidians (Takada et al., 2002a). Therefore, some of the
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this anural ascidian.
In the present study, therefore, we searched for Brachyury-
downstream targets in the EST database of M. tectiformis.
TBLASTN searches against scaffold sequences of C. intesti-
nalis were also performed to account for any possible gene
duplication(s). The results of the searches are summarized in
Supplemental Table 8. The present study could not find any
candidates for ten out of the 35 genes. Eight out of the 35
genes, several genes that show similarity to the query were
found in the M. tectiformis EST database and/or C. intestinalis
scaffold sequence (data not shown). Because EST sequences of
M. tectiformis and/or C. intestinalis gene models sequences
were not enough to carry out the molecular phylogenetic
analyses, we could not clarify the relationships among them. As
for the remaining 17 genes, there was only one or two Molgula
gene that showed similarity with the corresponding Ciona
gene. We determined full-length sequences of the longest clone
insert for all of those genes except Noto2 candidate gene
(Accession nos. and other information such as amino acid
length are given in Supplemental Table 9). For Noto2, we
assembled the EST sequences to deduce the full length of the
gene. BLASTP searches were then performed against the nr
database of NCBI (Table 4). Molecular phylogenetic analyses
by neighbor-joining method were also performed when the
relevant outgroup was available or when there were two or
more C. intestinalis or M. tectiformis genes that showed
similarity, suggesting that the relationships between them
should be characterized. Noto7, Noto2, SLC, ERM, and colla-
gen alpha 1 type XI were five such genes (Fig. 4). In other
cases, orthology was estimated by the result of BLASTP
searches and other available information.
pk (prickle), collagen alpha 1 type XVIII, cdc45, pellino, ASAK
(ATP sulfurylase/APS kinase), Noto7, leprecan, Noto6, and
tensin
The BLASTP searches for these nine genes against the nr
database of NCBI showed high similarity of these genes to the
relevant Ciona genes (Table 4) and we found no other genes
that showed similarity with them either from the M. tectiformis
ESTs or C. intestinalis genome. Therefore, we concluded that
these genes, Mt-prickle, Mt-collagen alpha 1 type XVIII, Mt-
cdc45, Mt-pellino, Mt-ASAK, Mt-MAD (Noto7), Mt-leprecan,
Mt-Noto6, and Mt-tensin are orthologous to the corresponding
Ciona genes. Ci-Noto7 is homologous to vertebrate MAD
genes, and the phylogenetic tree also supported the orthology
with the Molgula gene (Fig. 4C), therefore we named this gene
Mt-MAD (Table 4).
Noto2
This gene, Mt-Noto2, showed high similarity with Ci-
Noto2 (Table 4). Nevertheless, there is another gene that
shows similarity with Noto2 in the C. intestinalis genome,
tentatively named Ci-Noto2a (Supplemental Table 8; full-
length sequence was reported in Satou et al., 2002b; DDBJ/
EMBL/GenBank Accession no. AK113206). Therefore, we
analyzed relationships between these three ascidian genes bymolecular phylogenetic analysis. Ci-Noto2 shows similarity
with the serine protease inhibitor (serpin) genes, as was
reported previously (Hotta et al., 2000; Irving et al., 2000).
We used several groups of serpin genes that show relatively
high similarity with Noto2 genes for the analysis. The
resultant tree suggested that a lineage-specific duplication
has occurred in the Ciona lineage (Fig. 4A). Indeed, Ci-Noto2
and Ci-Noto2a are tandemly aligned in the genome (JGI
ver1.0 assembly; Dehal et al., 2002; Satou et al., 2005),
supporting a recent gene duplication event. Therefore,
although there was no one-to-one relationship of Mt-Noto2
with Ci-Noto2 or Ci-Noto2a, Mt-Noto2 is probably an
orthologous gene of Ci-Noto2/Ci-Noto2a.
Noto17
We obtained one Molgula gene, Mt-Noto17, as a candidate
for the orthologue of Ci-Noto17. However, because the
sequence of Ci-Noto17 has not been registered in the nr
database of NCBI, it was difficult to determine the gene
similarity. We therefore performed TBLASTN searches against
C. intestinalis EST and genome sequences using Mt-Noto17 as
a query. These searches yielded only Ci-Noto17 itself as a gene
that showed similarity with the query. Therefore, this Molgula
gene is likely orthologous to the Ci-Noto17.
Zipper (nonmuscle myosin heavy chain II) and trop
(tropomyosin-like)
The results of characterization of these two genes are already
described in the “Loss of embryonic/larval muscle structural
genes expression” section (Figs. 3A and D).
Netrin
A candidate gene, Mt-netrin did not show a best hit
relationship to the Ci-netrin by a BLASTP search (Table 4).
The sequence was not enough to perform molecular
phylogenetic analysis. However, we assume that this gene is
orthologous to Ci-netrin. There are two distant classes of
netrin genes in vertebrates. netrin-1, netrin-2, and netrin-3
are all structurally related to the laminin gamma chain, while
beta-netrin or netrin-4 are more related to the laminin beta
chain (Koch et al., 2000; Yin et al., 2000). The C. intestinalis
genome contains single copies for both classes (Sasakura et
al., 2003). The Ci-netrin gene isolated as a downstream target
gene of Ci-Brachyury belongs to the netrin-1, netrin-2, and
netrin-3 class, but not to the beta-netrin class (Sasakura et
al., 2003). The Mt-netrin showed more similarity to netrin-1,
netrin-2, or netrin-3 than beta-netrin (Table 4 and data not
shown). Furthermore, there was a clone that showed similarity
with beta-netrin, rather than netrin-1, netrin-2, or netrin-3, in
an unpublished M. tectiformis ESTs done by others (Mur-
akami et al., unpublished; DDBJ/EMBL/GenBank Accession
no. AU281975; no clones belonging to this gene were found
from the present EST). Therefore, it is likely that there are
netrin-1, netrin-2, and netrin-3 class gene(s) and beta-netrin
class gene(s) in the M. tectiformis genome, and Mt-netrin
obtained by the present study belongs to the same class with
Ci-netrin.
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The phylogenetic relationships between members of
chordate fibrillar collagen family, which includes collagen
alpha 1 type XI, have been characterized in detail, and theFig. 3. Molecular phylogenetic trees of muscle structural proteins and related proteins w
(B) Myosin alkaline light chain (MLC). (C) Myosin regulatory light chain (MRLC). (D
number at each branch indicates the percentage of times that a node was supported in
numbers, abbreviation of species (Bb for Branchiostoma belcheri, Bf for Branchiostom
Ciona intestinalis, Dm for Drosophila melanogaster, Hr for Halocynthia roretzi, Hv fo
Schistosoma japonicum, Sp for Strongylocentrotus purpuratus, and Xt for Xenopus tro
shown in Supplemental Table 5. In the tree of MLC,H. roretziMLC, Ci-MLC4 andM.
The H. roretzi gene was isolated from adult body wall muscle (Takagi et al., 1986). Ci
genes ofC. intestinalis. Even though it is expressed in tissues other than muscle (Chiba e
relationship. This clade was also supported by maximum-likelihood method and maxivertebrate fibrillar collagens are classified into three clades,
clade A, clade B, and clade C (Boot-Handford et al., 2003;
Aouacheria et al., 2004; Wada et al., 2006). The three clades
have likely diverged before the separation between vertebratesithM. tectiformis,C. intestinalis, and vertebrates. (A)Myosin heavy chain (MHC).
) Tropomyosin (TPM). Trees were generated by the neighbor-joining method. The
1000 bootstrap pseudoreplications. Sequences used are represented as accession
a floridae, Bg for Biomphalaria glabrata, Ce for Caenorhabditis elegans, Ci for
r Hydra vulgaris, Nv for Nematostella vectensis, Pc for Podocoryne carnea, Sj for
picalis), and protein/gene name. The sequence sources of C. intestinalis genes are
tectiformisMLC obtained in this study form a single clade (bootstrap value 69%).
-MLC4 is only one candidate for theMLC used in adult muscle among fourMLC
t al., 2003), we speculate that these two genes and theMt-MLC1 are in orthologous
mum-parsimony method, confirming the orthology.
Fig. 3 (continued).
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XI named CiFCol2 by Wada et al. (2006) is the only gene
belonging to the clade B in the C. intestinalis genome. Wada
et al. (2006) constructed molecular phylogenetic tree from a
triple helix domain and C-terminus domain of the deduced
proteins. The triple helix domain was hard to align
confidently, and thus they aligned the proteins by utilizing
their exon/intron structure of the genes. Since we do not have
any information of exon/intron structure of the Molgula gene,
we constructed phylogenetic trees using only C-terminus
domain of the proteins. Bootstrap value of some branches ofthe resultant tree was very low, as Wada et al. (2006) also
reported (data not shown). The two ascidian proteins, CiFCol3
and CiFCol4, have long branches (Wada et al., 2006) so we
reconstructed the tree without these genes (Fig. 4B). The
resultant tree topology was almost the same as Wada et al.
(2006) reported, and orthology of the Mt-collagen alpha 1 type
XI and Ci-collagen alpha 1 type XI was supported by high
bootstrap value (100%). Similarity searches also showed that
this gene had similarity with vertebrate collagen alpha 1 type XI
genes (Table 4). Therefore, we conclude that the Molgula gene
is orthologous to the relevant Ciona notochord gene.
Table 4
Assignment result of M. tectiformis genes to C. intestinalis Brachyury-downstream genes
C. intestinalis gene
name
M. tectiformis
gene name
Results of BLASTP searches against nr database of NCBI Orthology a Phylogenetic
tree
Accession no. Best hit protein by BLASTP
searches against nr database
of NCBI
Organism Probability
Ci-pk1/pk2 Mt-prickle BAB00618 Prickle 2 Ciona intestinalis e-158 Orthologous *
Ci-Noto2 Mt-Noto2 AB036843 Not2 protein Ciona intestinalis 2.E-61 d Fig. 4A
Ci-Noto17 b Mt-Noto17 No hits found Orthologous *
Ci-Zipper (nonmuscle
myosin heavy
chain II) b
Mt-MHC1a NP_777259 Myosin, heavy
polypeptide 10, non-muscle
Bos taurus 0 Orthologous Fig. 3A
Mt-MHC1b NP_990805 Myosin, heavy
polypeptide 10, non-muscle
Gallus gallus 0
Mt-MHC1c AAA49907 Myosin heavy chain B Xenopus laevis 1.E-27
Ci-netrin Mt-netrin NP_571104 Netrin 1a Danio rerio 1.E-77 Orthologous *
Ci-collagen alpha 1
type XVIII
Mt-collagen
alpha I type XVIII
BAC57521 Collagen XVIII homologue Ciona intestinalis 8.E-79 Orthologous *
Ci-trop Mt-tropomyosin-
related
NP_001027910 Tropomyosin2 Takifugu rubripes 1.E-32 Not orthologous Fig. 3D
Ci-cdc45 Mt-cdc45 NP_001027604 cdc45 protein Ciona intestinalis 0 Orthologous *
Ci-pellino Mt-pellino NP_001027714 Pellino protein Ciona intestinalis e-163 Orthologous *
Ci-ASAK Mt-ASAK NP_001027723 ATP sulfurylase/APS kinase Ciona intestinalis 0 Orthologous *
Ci-collagen alpha 1
type XI b
Mt-collagen
alpha I type XI
CAH73908 Collagen, type XI, alpha 1 Homo sapiens 2.E-99 Orthologous Fig. 4B
Ci-Noto7 (Ci-MAD) Mt-MAD NP_001027611 Not7 protein Ciona intestinalis 5.E-35 Orthologous Fig. 4C
Ci-leprecan Mt-leprecan NP_001027608 Leprecan protein Ciona intestinalis 5.E-87 Orthologous *
Ci-Noto6 Mt-Noto6 NP_001027609 Not6 protein Ciona intestinalis 4.E-62 Orthologous *
Ci-myomegalin b Mt-myomegalin CAG12434 Unnamed protein product Tetraodon nigroviridis 2.E-38 Orthologous *
Ci-ERM Mt-ERM XP_001104955 PREDICTED: similar to radixin Macaca mulatta e-175 Orthologous Fig. 4D
Mt-Merlin XP_392673 PREDICTED: similar to
ENSANGP00000016048
Apis mellifera e-124 Not orthologous
Ci-tensin Mt-tensin-a c NP_001027625 Tensin homologue Ciona intestinalis e-102 Orthologous *
Mt-tensin-b c NP_001027625 Tensin homologue Ciona intestinalis e-101
a It should be noted that the orthology of these genes is examined only from the sequence data and not from the expression pattern or the function.
b Full length amino-acid sequences of these genes are not registered in DDBJ/EMBL/GenBank database.
c These two are splicing isoforms.
d One-to-one relationship does not exist because of lineage-specific duplication in Ciona.
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A candidate gene, Mt-myomegalin, was obtained in the
EST search but the clones lacked the appropriate domains for
performing a molecular phylogenetic analysis. We searched for
the relative genes from the C. intestinalis scaffold sequences,
using Mt-myomegalin as the query. Although there were a few
genes that show similarity with the relevant gene, only one
gene showed bi-directional best hit relationships with
vertebrate myomegalin. Mt-myomegalin also showed bi-
directional best hit relationships with vertebrate myomegalin.
Therefore, these two genes are likely in an orthologous
relationship.
ERM (ezrin/radixin/moesin-like)
There were two genes each that showed similarity with Ci-
ERM in both the C. intestinalis genome and the M. tectiformis
ESTs. Ci-ERM shows high similarity with ezrin, radixin,
moesin, and merlin genes of vertebrates (Hotta et al., 2000).
The phylogenetic relationships between these four genes were
characterized in detail (Golovnina et al., 2005). While the
monophyly of ezrin, radixin, and moesin was clear, the
origin of the merlin was robustly separated from that of the
three others, the separation having occurred in the earlymetazoans (Golovnina et al., 2005). The division of ezrin/
radixin/moesin genes into three occurred within the vertebrate
clade by gene duplication, after its separation from Urochor-
data (Golovnina et al., 2005). We thus performed molecular
phylogenetic analysis using the genes of ascidians, vertebrates
and protostomes. The tree clearly showed that the previously
described Ci-ERM and a Molgula gene, Mt-ERM, obtained
by the present analysis are orthologous to ezrin/radixin/
moesin and also are orthologous to each other (Fig. 4D). The
other Ciona gene (KYOTOGRAIL2005. 197. 25. 1) and the
other Molgula gene, Mt-merlin, are orthologous to merlin
(Fig. 4D; Table 4).
In summary, putative orthologous of genes for 15 of 35
Brachyury-downstream genes were obtained in the present EST
analysis while 11 of them, namely, Noto1, trop, ACL (ATP
citrate lyase), Noto8, perlecan, Noto4, Noto14, Noto5, Noto9,
Noto13, and Noto11 were missing from this analyses. A
Ciona lineage-specific gene duplication event may have
occurred for another Brachyury-downstream gene, namely,
Noto2, and thus the corresponding M. tectiformis gene was not
in a one-to-one relationship with the relevant Ciona gene. One-
to-one relationships could not be examined for seven Brachy-
ury-downstream genes, namely, Noto3, fibrn (fibrinogen-like),
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calumenin, UBE2 (ubiquitin-conjugating enzyme E2), and be-
ta4Gal-T (beta4-galactosyltransferase), although there were
cDNAs that show similarity to the relevant Ciona genes.
Discussion
In the present study, we deciphered ESTs from five different
developmental stages of the anural ascidian M. tectiformis.
These ESTs enabled a comprehensive analysis of gene
expression profiles during embryogenesis of this anural
species.
Abundantly expressed genes
We assembled sequences of all clusters of which clone
number occupied more than 0.2% of total EST clone numbers
(0.2% clusters) of cleaving-embryos, gastrulae/neurulae,
before-hatching-embryos, and larvae, and compared the data
with 0.2% clusters obtained from C. intestinalis EST. Though
the numbers of 0.2% clusters at each developmental stage are
roughly the same between the two species, their composition
was quite different. The most part of abundantly expressed
genes in embryos and larvae of C. intestinalis are so-called
house keeping genes, such as cytoplasmic actin and ribosomal
proteins. In contrast, there were a lot of DII genes, whose
function is unknown at present, among 0.2% clusters of M.
tectiformis. Again, since we estimated full-length sequences of
nearly all of these clusters (Supplemental Table 2), this
phenomenon is unlikely to be an artifact from insufficient
sequence data and their analyses.
Because M. tectiformis does not form conventional tadpole
larvae during development, expression of genes involved in
the formation of the tadpole organs and tissues is likely to be
suppressed. Then what kind of developmental and physio-
logical processes occur in embryos of the anural ascidian,
especially after the completion of gastrulation to the hatching,
during which urodele ascidians form tadpole? This question
can be answered, at least partially, by analyses of the genes
abundantly expressed during development of the anural
ascidian. The present study, however, showed that the function
of these genes cannot be deduced from the knowledge of the
genes in other organisms. Accordingly, the analysis of
expression pattern and function of these genes will be one of
the most important subjects of future studies, although
unfortunately, at the present, both are technically not straight-
forward in this species. Searches for these genes from closely-
related Molgulid urodele species would be also important to
clarify whether these somewhat curious genes are an
innovation in this anural ascidian, or in this family of
ascidians.
Expression of putative metamorphosis-related genes
The expression of some genes among 0.2% clusters was
significantly upregulated between before-hatching stage and
larva stage. Some of them have similarity with META2 orinnate immune-related protein of B. villosa, expression of
which was reported to be upregulated at metamorphosis in
urodele ascidians (Nakayama et al., 2001; Davidson and Swalla,
2002; Woods et al., 2004). Unfortunately at present it is
impossible to deduce the orthology between these Molgula
genes with known genes of urodele ascidians, because of
lacking of enough sequence data from either urodele or anural
ascidians. These genes, however, would provide interesting
aspects for anural developmental mode of ascidians, consider-
ing that the anural larva begins to form a sessile adult shortly
after hatching.
Hemps, a novel secreted protein with EGF-like domains, has
been shown to play a role in the initiation of metamorphosis in a
urodele ascidian, H. curvata (Eri et al., 1999). META1 is a
novel protein also with EGF-like domains, which might be
involved in signaling for the initiation of metamorphosis in C.
intestinalis (Nakayama et al., 2001). Searches for these genes
against the present ESTs failed to find any clones that show high
similarity with them. To understand the timing of the anural
ascidian metamorphic processes, searching and characterizing
of orthologues of these genes would be important, though
Hemps does not seem to be contained in the C. intestinalis
genome (Woods et al., 2004).
Embryonic/larval muscle structural genes are not expressed
during M. tectiformis embryogenesis
Are there any embryonic/larval muscle structural genes in the
M. tectiformis genome?
The present EST analysis failed to detect any kind of
embryonic/larval muscle structural genes throughout the
embryogenesis of M. tectiformis. In this anural ascidian, the
suppression of differentiation of functional embryonic/larval
muscle is therefore accompanied by failure and/or lack of
expression of embryonic/larval muscle structural genes. Do
these genes, then, exist in M. tectiformis genome? We strongly
argue that even if M. tectiformis would not have these genes in
its genome, they should be lost in relatively recent evolutionary
time.
Anural ascidians have evolved from urodele ancestors
several times independently (Hadfield et al., 1995; Huber et
al., 2000). The closest species of M. tectiformis known by
today is urodele M. complanata (Huber et al., 2000).
Urodele Molgulid ascidians have functionally embryonic/
larval muscle, and there is molecular evidence that
embryonic/larval muscle structural genes are expressed in
their embryos and larvae. Embryonic-type muscle actin gene
was isolated from urodele M. oculata embryo and it is
expressed specifically in embryonic muscle lineage cells
(Kusakabe et al., 1996). Class II MHC transcript of M.
oculata was also detected in embryonic muscle cells by in
situ hybridization using Halocynthia roretzi embryonic MHC
as a probe (Swalla and Jeffery, 1990). It is therefore
reasonable to consider that the last common ancestor of M.
tectiformis and M. complanata had functional embryonic
muscle structural genes. At present, it seems that there are
three, not necessarily mutual exclusive, possibilities about
478 F. Gyoja et al. / Developmental Biology 307 (2007) 460–482the cause of the failure of detecting any embryonic/larval
muscle structural genes; (1) at least some of the embryonic/
larval muscle structural genes have been completelyeliminated from the genome of this species; (2) at least
some of the embryonic/larval muscle structural genes exist in
the genome, perhaps as a pseudogene form, and its
Fig. 4. Molecular phylogenetic analyses of Brachyury-downstream targets of M. tectiformis. (A) Noto2. (B) Collagen alpha I type XI. (C) Noto7/MAD. (D) ERM.
Trees were generated by the neighbor-joining method. The number at each branch indicates the percentage of times that a node was supported in 1000 bootstrap
pseudoreplications. The scale bars indicate fractional sequence divergence. Sequences used are represented as accession number, abbreviation of species (Ce for
Caenorhabditis elegans, Ci for Ciona intestinalis, Dm for Drosophila melanogaster, Dr for Danio rerio, Gg for Gallus gallus, Hs for human, Mm for mouse, Sp
for Strongylocentrotus purpuratus, Ss for Sus scrofa, and Xl for Xenopus laevis), and protein/gene name.
479F. Gyoja et al. / Developmental Biology 307 (2007) 460–482embryonic/larval muscle-specific expression is completely
suppressed; and (3) at least some of the embryonic/larval
muscle structural genes exist in the genome, perhaps as a
pseudogene form, and there is very little transcriptional
activity below the detection level of the present EST study.
If the expression level is grossly low compared to C.
intestinalis (Supplemental Table 6), this might cause the
suppression of the differentiation of embryonic/larval muscle.
For example, Kusakabe et al. (1996) reported that weak
expression of muscle actin was occasionally detected inanural M. occulta embryos that do not have functional
embryonic muscle. It will be interesting to examine whether
M. tectiformis still have these muscle structural genes in its
genome, including the possibility that at least some of them
have become pseudogenes.
The cause of the failure of expression of embryonic/larval
muscle structural genes
If M. tectiformis retains embryonic/larval muscle structural
genes, how did the genes fail to be expressed during the course
480 F. Gyoja et al. / Developmental Biology 307 (2007) 460–482of ascidian evolution? One of the simplest possibilities is that
expression of upstream transcription factors necessary for
embryonic/larval muscle differentiation was suppressed. There-
fore, we previously searched for upstream transcription factor
for embryonic muscle formation from this anural species. We
searched for macho-1, Tbx6, ZicL, and MyoD as known
transcription factors for embryonic muscle formation for
following reasons. In urodele ascidians, embryonic/larval
muscle formation is initiated by the maternally supplied
macho-1 (Nishida and Sawada, 2001; Satou et al., 2002a).
macho-1 then activates Tbx6, zygotic transcription factor that
is essential for embryonic/larval muscle differentiation (Mitani
et al., 2001; Yagi et al., 2005; Sawada et al., 2005). ZicL is
another zygotic transcription factor which is also necessary for
the following embryonic/larval muscle differentiation (Imai et
al., 2002). Inhibition of the function of macho-1 and ZicL
together, or Tbx6 and ZicL together, completely suppressed
differentiation of embryonic/larval muscle (Imai et al., 2002;
Satou et al., 2002a; Yagi et al., 2005). Recently, it was re-
ported that Ci-MyoD or Ci-MRF also has an important
function in embryonic/larval muscle formation (Imai et al.,
2006; Meedel et al., 2007).
To date, it has been reported that macho-1, Tbx6, and
ZicL are expressed, all probably as functional forms, during
embryogenesis of M. tectiformis (Takada et al., 2002b; Gyoja,
2006). cDNAs for Mt-macho1 (cluster 3789) and Mt-ZicL
(cluster 675) were originally found from the present EST data
set (Gyoja, 2006). A clone belonging to Mt-Tbx6 (cluster
7172) reported by Takada et al. (2002b) was also contained in
the present EST data set, although the gene was originally
isolated from a different cDNA library. The expression pattern
of Mt-Tbx6 and Mt-macho1 is very similar to those of uro-
dele ascidians (Takada et al., 2002b; Gyoja, 2006). We could
not find any clones for Mt-MyoD in the present EST data set.
The EST count of Ci-MyoD is relatively low in C. intestinalis
(Satou et al., 2005; only three clones are assigned to a
genomic region of Ci-MyoD out of 480,753 ESTs). If the
same situation of the gene expression occurs between Ciona
and Molgula, it is not surprising that we could not find
Mt-MyoD from the Molgula EST even if the gene is expressed
in the embryos. We suggest that the upstream factors for
embryonic muscle formation are relatively conserved between
urodele and anural ascidians, although searching for Mt-MyoD
would be one of the most important subjects in future studies.
We strongly suggest some mechanism(s) other than suppressed
expression of upstream transcription factor for suppression of
embryonic/larval muscle structural gene expression in this
anural species.
Then, what kind of mechanisms is responsible for this
alteration? Kusakabe et al. (1996) and Jeffery et al. (1999)
showed that embryonic/larval muscle actins in M. occulta
and M. bleizi became pseudogenes and thus failed to be
expressed, although the upstream region of the gene for
embryonic/larval muscle actin of M. occulta retains its
transcriptional control activity. This might be the case for
embryonic/larval muscle actin and other muscle structural genes
in M. tectiformis.The importance of analyzing many kinds of muscle structural
genes
How did the gene destruction, as mentioned above, occur
during the course of anural ascidian evolution? One essential
requirement to solve this problem seems to be the separation
between embryonic/larval and adult genes. Most muscle
structural genes of C. intestinalis satisfy this criterion, except
for two genes, namely TnI and TnT. There is only a single
TnI gene and a single TnT gene in the C. intestinalis genome
(Chiba et al., 2003), and different splicing isoforms are used
to create different types of muscle instead of by expression of
different genes (MacLean et al., 1997; Chiba et al., 2003). If
the embryonic/larval muscle structural genes and adult muscle
structural genes are the same, suppressed expression of these
genes during embryogenesis would require different mechan-
isms than destruction of the gene. For instance, modification
of the transcriptional regulatory elements would be necessary.
It is worth pointing out that there are at least two TnT genes
and three TnI genes in H. roretzi (MacLean et al., 1997;
Yuasa et al., 1997). C. intestinalis belongs to the order
Enterogona, while H. roretzi and M. tectiformis belong to the
order Pleurogona. Molecular phylogenetic analysis has shown
that the anural mode of development has evolved only in the
order Pleurogona (Wada et al., 1992; Huber et al., 2000;
Swalla et al., 2000). Therefore, it is interesting to determine
whether the separation and/or creation of embryonic/larval
and adult types in all muscle structural genes is a required
genomic background for the evolution of the anural mode of
development.
It seems that there is another requirement for complete
destruction of embryonic/larval muscle structural genes.
Searches for muscle structural genes in the C. intestinalis
genome suggested that there are several paralogues for each of
the embryonic/larval genes, as mentioned before (Chiba et al.,
2003). If Molgulid ascidians are genomically similar to the
Ciona, it would be difficult to attain the destruction of all these
genes at the same time point in ascidian evolution.
Considering these points, it is still a mystery how the
expression of multiple embryonic/larval structural genes be-
come severely suppressed in M. tectiformis embryos. Whether
they all become pseudogenes or some other mechanism(s) are
necessary for this evolutionary change, is one of the most
important issues for future studies.
Expression of notochord-related genes
Notochord, one of organs that characterize the phylum
Chordata, fails to differentiate during the development of anural
ascidians. The molecular mechanism for this loss has not yet
been clarified. Takada et al. (2002a) reported that Brachyury, a
transcription factor that has a pivotal role in notochord
formation in ascidians, is expressed in M. occulta and M.
tectiformis in a very similar manner as in urodele ascidians. In
the present study, we searched the downstream genes of Bra-
chyury, which were reported previously in C. intestinalis
(Takahashi et al., 1999; Hotta et al., 1999, 2000). The present
study has revealed that the M. tectiformis ESTs contained
481F. Gyoja et al. / Developmental Biology 307 (2007) 460–482orthologues of at least 15 Brachyury-downstream genes. Then,
what is the molecular mechanism underlying the failure of
notochord formation? One possibility is that the major structural
genes for notochord formation are not expressed, and the genes
of which expression was revealed in the present study are not
enough for the formation of notochord. Another possibility is
that these genes are not expressed in the blastomeres responsible
for the notochord construction, where Brachyury is expressed
(Takada et al., 2002a). Muscle structural genes such as muscle
actin and class II myosin heavy chain genes have highly
specialized function for contraction of myofilaments. Although
it was shown that Prickle is essential for the notochord
formation in Ciona embryos (Jiang et al., 2005), it is possible
that functions of Brachyury-downstream genes might not be
confined in the formation and function of notochord, and
therefore they may be expressed elsewhere. To test these
possibilities, expression patterns of the 15 genes will have to be
characterized in future studies.
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